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Pulling short DNA molecules having defects on different locations
Amar Singh, Navin Singh
Department of Physics, Birla Institute of Technology & Science, Pilani - 333 031, Rajasthan, India
We present a study on the role of defects on the stability of short DNA molecules. We consider
short DNA molecules (16 base pairs) and investigate the thermal as well as mechanical denaturation
of these molecules in the presence of defects that occurs anywhere in the molecule. For the investi-
gation, we consider four different kinds of chains. Not only the ratio of AT to GC different in these
molecules but also the distributions of AT and GC along the molecule are different. With suitable
modifications in the statistical model to show the defect in a pair, we investigate the denaturation of
short DNA molecules in thermal as well as constant force ensemble. In the force ensemble, we pulled
the DNA molecule from each end (keeping other end free) and observed some interesting features
of opening of the molecule in the presence of defects in the molecule. We calculate the probability
of opening of the DNA molecule in the constant force ensemble to explain the opening of base pairs
and hence the denaturation of molecules in the presence of defects.
PACS numbers: 87.14.gk, 87.15.Zg, 87.15.A-
I. INTRODUCTION
Defects in the DNA molecule play a crucial role in bio-
logical processes such as replication. This is a known fact
that DNA is a long polymeric chain that contains four dif-
ferent kinds of nitrogenous bases. The allowed pairing in
the two complementary strands follow a simple rule, that
is, Adenine (A) can form a hydrogen bond with Thymine
(T) while Guanine (G) can form a hydrogen bond with
Cytosine (C) [1, 2]. The hydrogen bonding strength for
these two base pairs is not same as the AT base pair has
two hydrogen bonds while GC base pair has three hydro-
gen bonds. The approximate ratio of GC and AT bond
strengths varies from 1.2 to 1.5 as mentioned by various
research groups [3–12]. In the absence of the complemen-
tary base on the opposite strand, the pairing between the
two bases is absent. This site is called a defect site be-
cause of an absence of a stable (or non-existing) bonding
between these two bases on the opposite strands [13, 14].
The presence of defects in DNA is related to interesting
physics and biochemistry of the molecule. The dynam-
ics of these defects may delay the replication process and
hence lead to the breathing dynamics of opening of the
chain [15]. It is predicted that in embryonic cells, these
delays may cause the cell death while in mature cells like
somatic cells, this damage (defect) may be an initiation
step in the development of cancer [16–20]. These defects
are present in the DNA based actuators. The role of the
defects in the designing of molecular motor has been dis-
cussed by McCullagh et al [21]. How the defects affect
the melting, elastic and other properties are problem of
scientific interest. There are many paths to explore the
role of the defects and the damage repair mechanism in
the living cells. Theoretical approach to investigate the
problem routes via molecular dynamics or model based
calculations [22–30]. Our approach is a model based cal-
culation. We use Peyrard Bishop Dauxois (PBD) model
[3] to investigate the thermal and mechanical denatura-
tion of DNA molecules in presence of defects. The main
objective of the current study is to investigate the effect
of density and location of defects on the denaturation of
DNA molecule.
In experiments, researchers synthesis and/or charac-
terize the samples to decipher the information stored
by that sample. Accordingly, we choose four samples
of DNA molecules each containing 16 base pairs. All
these samples have different numbers and distribution of
AT-GC pairs. We identify all these molecules according
to the distribution of base pairs and named them as
follows: Chain 1: 3’-AAAAAAAAAAAAAAAA-5’ (ho-
mogeneous), Chain 2: 3’-AGAGAGAGAGAGAGAG-
5’ (alternating AT − GC pairs), Chain 3: 3’-
AAAAAAAAGGGGGGGG-5’ (50%AT+50%GC),
Chain 4: 3’-TCCCTAGACTTAGGGA-5’ (random
sequence). The prime motivation behind the selection
of different kinds of sequences is to predict the role
of defect(s) in the melting or unzipping of different
kinds of DNA molecules. The next task is to introduce
the defect in the model. We have continued from our
previous approach [13] where the defect in the model
was introduced via Morse potential that represent the
hydrogen bonding. If a pair has a defect that means
there is an absence of hydrogen bond and this feature
is reflected from the absence of potential depth while
retaining the repulsive part of the potential in order to
avoid the crossing of two bases in a pair (see Fig. 1).
We present the work in different sections. In Section II,
we provide a brief description of the model and methodol-
ogy used in this work. The effect of defect(s) on thermal
denaturation of dsDNA molecule is discussed in Section
III while in Section IV, role of the defect(s) on the me-
chanical unzipping is discussed. We finally conclude our
results in Section V.
II. THE MODEL
For the current investigation we use a statistical model
that was proposed by Peyrard and Bishop [3]. The model
considers the stretching between the corresponding bases
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FIG. 1. (Color online) The on-site potential for the defect in a
pair is shown by square symbol and dashed (red) line. While
for the bases in a pair is represented by the depth of the
potential (solid line with black circle), there is no minimum
of potential for the defect pair [13].
only. Although the model ignores the helicoidal structure
of the dsDNA molecule, it has enough details to analyze
mechanical behavior at the few angstrom scale relevant
to molecular-biological events [10]. The Hamiltonian for
the considered system of N base pairs unit is written as,
H =
N∑
i=1
[
p2i
2m
+ VM (yi)
]
+
N−1∑
i=1
[WS(yi, yi+1)] (1)
where yi represents the stretching from the equilibrium
position of the hydrogen bonds. the first term in the
Hamiltonian represents the momentum (pi = my˙). The
m represents the reduced mass of a base pair which is
taken to be same for both AT and GC base pairs. The
stacking interaction between two consecutive base pairs
along the chain is represented by,
WS(yi, yi+1) =
k
2
(yi − yi+1)
2[1 + ρe−b(yi+yi+1)], (2)
where k represents the single strand elasticity. The an-
harmonicity in the strand elasticity is represented by ρ
while b represents its range. The stacking interaction
WS(yi, yi+1) is independent of the nature of the bases
at site i and i + 1 as these parameters are assumed to
be independent of sequence heterogeneity. The sequence
heterogeneity has effect on the stacking interaction along
the strand. This can be taken care of through the single
strand elasticity parameter k. One can take the variable
k according to the distribution of bases along the strand
[31]. A defect in a pair will modify the electronic distri-
bution around the bases hence the stacking parameters.
However, for the current investigation we settled on the
average of this parameter.
The hydrogen bonding between the two bases in the
ith pair is represented by the Morse potential.
VM (yi) = Di(e
−aiyi − 1)2 (3)
where Di represents the potential depth which basically
represents the bond strength of that pair. The param-
eter, ai, represents the inverse of the width of the po-
tential well. The heterogeneity in the sequence is taken
care of by the values of Di and ai. These model param-
eters should be tuned in order to get physical picture of
DNA molecule. For the current investigations, we choose:
DAT = 0.1 eV, aAT = 4.2 A˚
−1, DGC = 0.15 eV, aGC =
6.3 A˚−1, ρ = 5.0, b = 0.35 A˚−1, andk = 0.021 eV/A˚−2.
Thermodynamics of the transition can be investigated
by evaluating the expression for the partition function.
For a sequence of N base pairs with periodic boundary
conditions, the partition function can be written as:
Z =
∫ ∞
−∞
N∏
i=1
{dyidpi exp[−βH ]} = ZpZc, (4)
where Zp corresponds to the momentum part of the par-
tition function while the Zc contributes as the configu-
rational part of the partition function. Since the mo-
mentum part is decoupled in the integration, it can be
integrated out as a simple Gaussian integral. This will
contribute a factor of (2pimkBT )
N/2 in the partition func-
tion, where N is the number of base pairs in the chain.
The calculations of the configurational partition function,
Zc, is not straight forward. This is defined as,
Zc =
∫ ∞
−∞
[
N−1∏
i=1
dyiK(yi, yi+1)]dyNK(yN) (5)
where K(yi, yi+1) = exp [−βH(yi, yi+1)] . For the homo-
geneous chain, one can evaluate the partition function
by transfer integral (TI) method by applying the periodic
boundary condition [5]. In case of a heterogeneous chain,
with open boundary, the configurational part of the parti-
tion function can be integrated numerically with the help
of matrix multiplication method [5, 8, 14]. The important
part of this integration is the selection of proper cut-offs
for the integral appearing in Eq.5 to avoid the diver-
gence of the partition function. The method to identify
the proper cut-off has been discussed by several groups
[5, 8, 32]. The calculations done by T.S. van Erp et al
show that the upper cut-off will be ≈ 144 A˚ with the our
model parameters at T = 600 K while the lower cut-off
is -0.4 A˚. In the earlier work by Dauxois and Peyrard it
was shown that the Tm converges rapidly with the upper
limit of integration [32]. In that work they considered
an infinite homogeneous chain and solved the partition
function using TI method. For short chains, we calculate
Tm for different values of upper cut-offs which are shown
in Fig. 2. From the plot it is clear that the choice of 200
A˚ is sufficient to avoid the divergence of partition func-
tion. Thus the configurational space for our calculations
extends from -5 A˚ to 200 A˚. Once the limit of integration
has been chosen, the task is reduced to discretizing the
space to evaluate the integral numerically. The space is
discretized using the Gaussian quadrature formula. In
our previous studies [14], we observed that in order to
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FIG. 2. The melting temperature Tm calculated for different
values of upper cut-off, (δ) for homogeneous chain. The best
straight line fit for this plot is found for 1/δ. The different
cut-offs are 8, 10, 20, 50, 100, 200 and 300 A˚. The model
parameters are: D = 0.1 eV, a = 4.2 A˚−1, ρ = 5.0, b =
0.35 A˚−1, andk = 0.021 eV/A˚−2.
get precise value of melting temperature (Tm) one has
to choose the large grid points. We found that 900 is
quite sufficient number for this purpose. As all matrices
in Eq.6 are identical in nature the multiplication is done
very efficiently. The thermodynamic quantities of inter-
est can be calculated by evaluating the Helmholtz free
energy of the system. The free energy per base pair is,
f(T ) = −
1
2β
ln
(
2pim
β
)
−
1
Nβ
lnZc; β =
1
kBT
.
(6)
The thermodynamic quantities like specific heat (Cv) as
a function of temperature or the applied force can be
evaluated by taking the second derivative of the free en-
ergy. The peak in the specific heat corresponds to the
melting temperature or the critical force of the system.
Other quantities such as the average fraction θ(= 1 −
φ) of bonded (or open) base pairs can be calculated by
introducing the dsDNA ensemble(dsDNAE) [8] or using
the phenomenological approach [4, 13]. In general, the θ
is defined as,
θ = θextθint (7)
θext is the average fraction of strands forming duplexes,
while θint is the average fraction of unbroken bonds in
the duplexes. The opening of long and short chains are
completely different. For long chains, when the fraction
of open base pairs, φ(= 1 − θ), goes practically from 0
to 1 at the melting transition, the two strands are not
yet completely separated. At this point, the majority
of the bonds are disrupted and the dsDNA is denatu-
rated, but the few bonds still remaining intact, prevent-
ing the two strands parting from each other. Only at high
temperatures will there be a real separation. Therefore
for very long chains the double strand is always a sin-
gle macromolecule through the transition, thus one can
calculate the fraction of intact or broken base pairs only.
For short chains, the process of single bond disruption
and strand dissociation tend to happen in the same tem-
perature range. Thus, the computation of both θint and
θext is essential [4]. The problem of computation of θext
can be handled efficiently by working in dsDNA ensemble
(dsDNAE) [8].
III. THERMAL MELTING OF THE DNA
MOLECULE
We consider the defects (1-4 in number) and their effect
on the melting temperature of the DNA molecule. Since
the nature of each chain is different, the number and
location of these defects may modify the melting profile of
the chain in different manner. The melting temperature,
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FIG. 3. (Color online) The melting temperature, Tm, calcu-
lated by specific heat and fraction of open pair φ for the chain
1 (homogeneous) and chain 4 (random). The parameters p
and q are adjusted in order to get precise match with peak
in specific heat. The values are p = 12.0 and q = 10.0. The
value of Cv is scaled to show that the peak position and 50%
of the open pairs meet at the same point (temperature).
Tm is calculated by the peak in the specific heat as well
as from θ as given in [4, 13]. For pure chain, we show
the melting profile of the chain in Fig. 3. The melting
temperatures for chain 1, 2, 3, & 4 without any defect
are 447.5, 508.8, 511.0 and 509.8 K, respectively. Let us
now consider the chain 1 with one defect. When the first
site (3′- end) is a defect pair, the melting temperature is
about 433 K. The melting temperature further reduces
to 432 K if the 2nd pair is a defect pair. However there
is something interesting to note after this. When the
location of defect is 4th pair onward (towards 5′- end)
the melting temperature reduces to 430 K and remains
constant till we reach 13th site. As we reach on the 5′
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FIG. 4. (Color online) The melting temperature, Tm, for all the four chains with different numbers as well as the locations of
these defects along the DNA molecule. Figures in a row are for a chain with different numbers of defects. Figures in a column
are for different chains with same number of defect(s) displayed by m.
end, the Tm again increases. This complete cycle displays
a necklace kind of plot as shown in Fig. 4. The variation
in the melting temperature when the defect is anywhere
between 4 to 13 is negligible. When the number of defects
in the chain is increased from 1 to 4 the width or plateau
(where there is no change in the melting temperature of
the molecule) decreases (∼8-12).
In order to explore more about the nature of denat-
uration, we investigate other chains that have different
distribution of base pairs. Consider chain 2 with single
defect. This chain is having alternate AT/GC pairs. As
shown in Fig. 4, the symmetry about the middle is lost.
For this chain, the location of defect site, whether it is
AT or GC pair, is important. The energy landscape of
this chain is not smooth over the complete length because
of the difference in the dissociation energies of AT and
GC pairs. For single defect that move from position 1 to
16, Tm shows a zig-zag pattern and Tm varies between
a range of 496 K to 487 K. When we consider two con-
secutive defects in the chain this pattern is lost because
of the loss in the sequence heterogeneity. This can be
thought of as reviving the homogeneous structure of the
DNA molecule with the dual pair having an average of
AT and GC pair’s dissociation energies. However, the
necklace pattern obtained for this case is not as symmet-
ric as observed for the chain 1 since the end pairs are not
same. Remember at 3′- end there is an AT pair while
on 5′- end, there is a GC pair. For this chain, Tm varies
between 485 K to 476 K. The zig-zag pattern is retained
when three consecutive defects are introduced. However,
the Tm is lower as compared to the chain with one de-
fect. Again with four consecutive defects an asymmetric
necklace is observed with short plateau.
Let us consider chain 3, that is having 50AT + 50GC
pairs in the sequence, with one defect. In this case, we
obtain a hook kind of structure in the plot. A sudden
drop in the Tm is observed in the middle of the chain
(on 8 & 9 pair) at the interface of GC & AT pair. The
smoothness at the interface increases with increase in the
number of defects in the chain. As the number of defect
5increases, on the interface the effect of presence of AT
and GC pairs diminishes. Next is, chain 4 that is having
a random distribution of AT/GC pairs. Due to random
distribution of AT and GC pairs, the energy landscape is
also random. Hence the fluctuation in the values of Tm
should also be random. This is observed in the figure.
The random pattern of the plot varies with number of
defects in the molecule. Let us observe the single defect
on 4,5,& 6 sites. While Tm is 488 K for 4
th site, it is 495
K for 5th & 6th sites. For two consecutive defects in the
molecule, this is averaged to 478 K, i.e.. This is because
of the indistinguishability of AT and GC pair. Similarly,
for three (consecutive) defects in the molecule, the high
barrier on 11 & 12 sites, is lost. The pattern observed
for this chain is closer to the real sequences.
IV. FORCE INDUCED TRANSITIONS
The replication process is initiated by the force ex-
erted by DNA polymerase on a segment of DNA chain
(Owcarzy fragment). The replication starts at some site
which is called replication origin [19, 20] and the replica-
tion fork propagates bidirectionally. The defect or mis-
match pair(s) may slow or stall the replication process.
In the case if the mismatch repair system does not work
properly cell may die [16]. Mathematically one can model
the replication as the force applied on an end of the DNA
chain [33]. Physics of opening of chain due to thermal
fluctuation and mechanical forces is completely different
[34–36]. Thus, the study on the mismatch in the sequence
and its role in the replication process is an interesting way
to look into the physics of a complex mechanism. In this
section, we discuss the force induced unzipping in DNA
molecules in presence of defect(s). The modified Hamil-
tonian for the DNA that is pulled mechanically from an
end is,
H =
N∑
i=1
[
p2i
2m
+ VM (yi)
]
+
N−1∑
i=1
[WS(yi, yi+1)]−F ·y1 (8)
where the force F is applied on the 1st pair [14]. Whereas
in thermal denaturation, the opening is due to increase
in the entropy of the system, for mechanically stretched
DNA chain the opening is enthalpic. The thermodynamic
quantities, of interest, from the modified Hamiltonian can
be calculated using Eq. 5 & 6. Here we consider the same
four chains that we considered for thermal denaturation
studies. All the base pairs of dsDNA that is kept in
a thermal bath share equal amount of energy. In the
case when the chain is pulled from an end, the amount
of force decreases from the pulling point to the other
end of the chain. Thus the location of defect(s) should
have different impact on the opening of the chain that
is subjected to a mechanical pull from an end. Let us
consider chain 1 with one defect. As shown in the Fig.
5 when the force is applied on the 3′ -end and the defect
pair is 1st pair (3′ -end), the critical force reduces to 4.04
pN from 4.54 pN. This value further decreases to 3.99
pN when the defect pair is 2nd pair. When the defect
is located between 3-13 pairs, there is no change in the
value of critical force, it is ∼3.97 pN. This means that
the base pair (defected) in this section of the chain have
similar response to the applied force, irrespective of their
location. The defect pair means a loop in the chain which
will increase the entropy of the chain. From the results,
this is clear that the loop contributes to the opening of
the chain in addition to the applied force and end entropy.
However, as the defect location is somewhere between 14
to 16, contribution of bubble in the entropy of the chain is
negligible. Hence the critical force increases. In this case
too, we observe a necklace pattern. The pattern obtained
here is not as symmetric as observed for thermal melting
of the same chain with single defect. The reason for this
difference lies in the nature of the chain opening in these
two cases. We consider now the opening of the chain in
another condition. The force is applied on 3′ -end and
defect pair is the 5′ -end. In this case, the critical force is
4.02 pN which is less than for the previous case (where the
force is on 3′ -end and defect pair is also 3′ -end) where Fc
is 4.04 pN. The difference is about 0.02 pN. The reason
for this reduction is the difference in the end entropies for
these two cases. In case when the defect end is 5′- end,
the entropy of this open end contributes to the opening.
While for the first case, when the defect end is the 3′
-end (the force is also on this end), the contribution from
the 5′ -end will be less as it is an intact pair. Hence we
need slightly higher force to open the chain for the first
case. We obtained similar results for this chain with more
defects (m = 2, 3, 4). For all the investigations whenever
m > 1, all the defects are consecutive defects. As the
number of defects increases in the chain, the difference in
the Fc for two different cases is greater. In order to verify
our arguments, we calculate the probabilities of opening
of the base pairs for these two cases. The probability of
opening of the ith pair, in a sequence is defined as [37]:
Pi =
1
Zc
∫ ∞
y0
dyi exp [−βH(yi, yi+1)]Zj (9)
where
Zj =
∫ ∞
−∞
N∏
j=1,j 6=i
dyj exp [−βH(yj, yj+1)] (10)
while Zc is the configurational part of the partition func-
tion defined as in eq.5. For y0, we have taken a value of 2
A˚. To avoid the overflow of figures, we choose to display
the surface plot for chain 1 with 4 defects, see Fig. 6. We
observe that the difference in the critical force for these
two cases is ∼ 0.04 pN.
Let us consider, the chain 2 (alternating AT and GC
pairs). In this case, we have four possible combinations
of force and defect locations. First, when force is applied
on 3′ -end and the defect is also at the 3′ -end. Second
one is when force is applied on 3′ -end and defect is at 5′
-end. The other two cases are the alternate combinations
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FIG. 5. (Color online) The value of critical force, Fc, for different chains having different number of defects as well as their
location. We show both the cases when force is applied on 3′-end (solid lines with circle) and on the 5′-end (dashed lines with
square). Only for the case when the defect site is in the middle of the chain is there no change in Fc for these two case. The
critical forces for pure chains 1, 2, 3 & 4 is 4.54, 6.96, 6.98, and 6.97 pN respectively.
of these two. If we fix the location of applied force at 3′
-end and change the defect locations, we find that for
single defect the difference in Fc is ∼ 0.3 pN. This is
because of the difference in the entropy contribution from
the two ends. In one case the end is AT while in another
case it is GC. If we fix the defect location and change the
applied force locations from 3′ -end to 5′ -end, we find
that the difference in Fc is∼ 0.02 pN. The same argument
which we gave for chain 1 with single defect is valid here
too. Now consider this chain with two defects. When
the force is applied on 3′ -end and the defect locations
are 3′ -end and 5′ -end, the difference in Fc is ∼ 0.04
pN. This chain with two defects can be thought of as
a homogeneous chain (of AT + GC block) with single
defect. However, the ends in this chain can be either
AT or GC and hence we get a different pattern at the
ends as compare to chain 1. Similar kind of feature is
observed for the same chain with four defects. For the
chain 3, the difference in the energy of AT and GC pair
is clearly visible. In this case, this is important on which
end the force is applied. When the force is applied on 3′
-end and the defect locations are 3′ -end and 5′ -end the
difference in the Fc is ∼ 0.32 pN. The chain 4 is a chain
with random distribution of AT and GC pairs. Since the
distribution is random the energy landscape of AT and
GC pairs will play an important role in the opening of
chain with different locations of defect. The unzipping
behavior of this chain displays some of the features of all
the three chains that we considered above. In case when
the defect(s) are in the middle of the chain, the change
in the value of critical force is negligible, i.e., it does not
matter from which end the chain is pulled.
V. CONCLUSIONS
In the present work, we have studied the role of de-
fect(s) on the thermal as well as mechanical denatura-
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FIG. 6. (Color online) The density plots to show the difference in the opening of homogeneous DNA molecule (chain 1 with
four defects) when force is applied on 3′- end. (Left) When defect pairs are 1-4 (3′ end). (Right) When the four defect pairs
are on the 5′ end (13-16). The difference in the critical force Fc for the two cases is observed here (more clearly in the zoomed
version). In order to open 50% of the base pairs, the Fc for first case (left) is 2.96 pN while for the second case (right) it is
2.92 pN.
tion of DNA molecule. It is known that the defects delay
the replication process which may further cause the cell
death and hence may lead to initiation of cancer. Mo-
tivated by the experimental studies, we considered four
different kind of DNA molecules. These molecules have
different numbers of AT and GC pairs and the distri-
bution of these pairs along the chain is also different.
We have considered all the chains with m number of de-
fects, where m varies from 1-4. Here we assumed that
for m > 1 all the defects are in a block. For the equi-
librium calculations, we used PBD model and found the
denaturation point in thermal as well as in constant force
ensembles. For the homogeneous chain, we found that
there is a segment (4-12) of the chain where Tm is un-
affected by the location of the defect in the chain. In
case of heterogeneous chain, there is no plateau but it
matters on a location whether there is an AT pair or a
GC pair. When we compared the opening in two ensem-
bles for homogeneous chain we observed that there is a
striking difference. While for the homogeneous chain we
obtained a symmetric necklace kind of plot in thermal
ensemble, this was missing in force ensemble. This vali-
dates the role of finite end entropy of the homogeneous
chain in the denaturation of the DNA molecule. For the
thermal melting the ends have less impact on the opening
because of the fact that each base pair shares the same
amount of thermal energy. There only the sequence of
AT/GC pairs matters.
For the chain that is pulled from an end by some
force, it is important for all kinds of chains (with de-
fect) whether the force is applied on 3′- end or 5′- end.
For unzipping in constant force ensemble we considered
four possible cases. First two are when force is applied
on 3′- end and the defect locations are either on 3′- or
5′- ends. Similarly other two combinations are when the
force is applied on 5′- end and defect locations are either
3′- or 5′- ends. In all these cases, the nature of end pair
is important. For the chain with alternate AT and GC
sequence we observed that in addition to the ends the
interface of defect and intact pair affect the opening of
the chain. The interfaces for this chain with two defects
are either of AGA or GAG kind. Hence there is a dif-
ference in the critical force for the four cases. To show
the importance of ends in the opening we calculated the
probabilities of opening for the homogeneous chain with
four defects. Here we considered two cases; one when the
force is applied on 3′- end and defects are either at 3′-
end or at 5′- end. When the defect location is 3′- end,
the end entropy is suppressed and hence we obtained a
slightly higher critical force for this case. The studies
on chain 4 are closer to the real chain as it has random
sequence of AT and GC pairs. The force profile (Fig. 5)
shows the weak and strong sections of the chain. As a
future of this work, one can study the opening of DNA
molecule in both the ensemble as a function of time and
the exact delay in the opening can be predicted. This is
an attempt to understand the defect and their effect on
the replication process. However, the real picture would
be clearer from non-equilibrium studies. How the cell
decides which segment of DNA with a mismatch in the
sequence can be repaired or which would be destroyed
will be an interesting area of future studies. Is there any
8role of free energies of the sequence? The time evolution
of this kind of molecule may provide some useful infor-
mation.
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